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Understanding the rheological behavior of highly concentrated proteins is critical for the development of meat
analogs. To enhance their sensory appeal, plant oil is often added during extrusion. The objective of this study
was to gain a better understanding of how oil affects the rheological properties of gluten. Gluten doughs with
0il droplets different oil contents (0% to 6%) were prepared by adding emulsified and non-emulsified oil. Rheological
Closed cavity rheometer measurements were performed under extrusion-relevant conditions using a closed cavity rheometer. In addition,
CLSM the oil phase was visualized by CLSM imaging before and after rheological measurements. It was found that the
complex modulus |G*| of the wheat gluten decreased with increasing oil concentration. When oil was added as
emulsion, |G*| was significantly higher compared to when non-emulsified oil was added. The CLSM images
revealed that the oil droplet size increased with increasing oil concentration. The doughs with emulsified oil had
significantly smaller oil droplets. The results suggest that oil droplets act as fillers, weakening the protein matrix.
By reducing the oil droplet size, this weakening effect could be reduced. Therefore, we concluded that the oil
droplet size is a critical parameter influencing the rheological properties of oil-containing wheat gluten doughs

under extrusion-relevant conditions.

1. Introduction

Plant-based meat analogs have become increasingly popular in
recent years. The reasons for this are diverse, including animal welfare,
health reasons, and environmental concerns. A widely used technology
for the production of such meat analogs is high moisture extrusion
(water content 40-80%). In this process, plant proteins are mixed with
water, heated, sheared by the rotation of the screws, and finally forced
through a cooling die, where the fibrous, anisotropic structure of the
product is created, which imitates the muscle fibers of real meat (Hogg
and Rauh, 2023; Palanisamy et al., 2019; van der Sman and van der
Goot, 2023; Wittek et al., 2021c). However, a major challenge with such
meat analogs are their poor sensory properties, especially in terms of
tenderness and juiciness. For real meat, these sensory characteristics are
strongly influenced by intramuscular fat. To improve the low sensory
appeal of meat analogs, oil or fat can be added during the extrusion
(Egbert and Borders, 2006; Wang et al., 2022b). However, the addition
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of even small amounts of oil during extrusion processing leads to sig-
nificant undesired changes in the final product properties, e.g. less
pronounced fibrous and meat-like texture (Opaluwa et al., 2023; Wang
et al., 2023). In the extrusion process, the rheological properties of the
material play a crucial role, as they have a great influence on the process
conditions as well as on the formation of the final product properties,
such as the fibrousness (Pietsch et al., 2019a; Wittek et al., 2021a). The
addition of oil during extrusion usually leads to a reduction in viscosity.
The effect of oil on the viscosity can be described by a “plasticizing ef-
fect” or a “filler effect”, which are both described in the next two
paragraphs.

According to Ilo et al. (2000), oil exerts a “plasticizing effect” on
macromolecules by reducing the friction between them. They describe
that triglycerides in the same way as water lead to an increase in the
molecular mobility of the macromolecules resulting in a decrease in
viscosity. Guy (1994) refers to the effect of oil on macromolecules as a
lubricant. They emphasize that the effect of oil as a lubricant is much
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greater in terms of its active concentration than the effect of water,
which acts as plasticizer. Generally, plasticizers are defined as relatively
small molecules that are incorporated into a polymeric material, like
proteins, to make it more flexible. In order to explain the mechanism of
plasticizers, the lubricity theory, the gel theory and the free volume
theory are described in the literature (Di Gioia and Guilbert, 1999;
Hernandez-Izquierdo and Krochta, 2008; Rowat et al., 2021). According
to the lubricity theory, plasticizers facilitate the motion of the entangled
protein molecules past one another, thus reducing molecular friction by
acting like a lubricant. The gel theory extends the lubricity theory as it
assumes that the plasticizer acts by disrupting non-covalent protein--
protein interactions (such as hydrogen bonds, van der Waals in-
teractions, and electrostatic forces) and by masking these binding sites
from each other, thereby preventing their re-aggregation. At the same
time, unattached plasticizer molecules increase the free volume of the
protein molecule, giving it its flexibility. Combining free volume theory
with gel and lubricity theory implies that plasticizer molecules, which
do not interact with the protein chain, fill up the free volume created by
the interacting molecules (Mekonnen et al., 2013). For a plasticizer to be
effective in increasing the protein flexibility, it needs to be compatible
with the protein molecules. Thus, it needs to consist of groups that have
an affinity to the protein (“protein-philic”) as well as groups that have no
affinity to the protein (“protein-phobic”). Protein-philic groups allow for
an effective penetration of the plasticizer into the protein, while
protein-phobic groups are more effective in disrupting protein-protein
interactions in order to increase the free volume. Due to the increase
in free volume and the reduction in entanglement density, the addition
of a plasticizer generally results in a viscosity reduction of the protein
matrix (Lefevre et al., 2005; Rowat et al., 2021). Molecules typically
found in food fats and oils such as mono-, di-, triglycerides or free fatty
acids could be molecularly incorporated into the protein matrix and act
as plasticizers due to their small size.

During extrusion processing, the oil phase is known to be dispersed
into droplets in the aqueous, highly concentrated protein matrix
(Gwiazda et al., 1987; Kendler et al., 2021). From emulsion-filled food
gels, e.g. yoghurt, cheese or mayonnaise, which are defined as polymeric
gels of proteins or polysaccharides in which emulsion droplets are
embedded as “fillers”, it is known that oil droplets have a great influence
on the mechanical and rheological properties of the matrix. Important
influencing parameters are the oil concentration, the oil droplet size or
the oil-matrix interactions, which mainly depend on the surfactants used
to stabilize the oil droplets (van Vliet, 1988). When the oil droplets
interact with the protein matrix, they are referred to as active fillers,
while droplets that do not interact with the protein matrix are referred to
as inactive fillers (Chen and Dickinson, 1999; McClements et al., 1993).
However, both the storage modulus of the protein matrix and the filler
itself have a major influence on whether the filler leads to reinforcement
or weakening of the protein network (Dille et al., 2015; Farjami and
Madadlou, 2019; Geremias-Andrade et al., 2016). In the case of meat
analogs, the modulus of the continuous protein matrix is much higher
than the modulus of the dispersed oil droplets. Therefore, irrespective of
whether the oil droplets are bound or unbound, both have the same
effect on the modulus of the matrix, namely a decrease with increasing
oil concentration (Sala et al., 2007).

During extrusion processing, proteins are plasticized with water and
heated and sheared at the same time, which leads to structural changes
in the protein molecules. These changes in molecular structure include
protein unfolding and protein cross-linking reactions via covalent and
non-covalent bonds, and have a significant impact on the final product
properties of meat analogs (Akdogan, 1999; Areas, 1992; Liu and Hsieh,
2008). Wheat gluten which is used in this study polymerizes via disul-
fide bonds upon thermal and mechanical treatment, resulting in the
formation of a three-dimensional viscoelastic protein network (Chen
et al., 2020; Jia et al., 2020; Pietsch et al., 2019b; Pommet et al., 2004).
Polymerization of wheat gluten leads to changes in its rheological
properties. Emin et al. (2017) studied the polymerization behavior of
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gluten under extrusion-like conditions by monitoring the changes in
rheological properties with a closed cavity rheometer. They observed
that the temperature and shear rate as well as the water content have a
great influence on the polymerization reactions of wheat gluten. How-
ever, information on how the addition of oil to wheat gluten plasticized
with water affects the polymerization behavior as well as the rheological
properties of the protein network cannot be found in literature.

The aim of this study is therefore to systematically investigate the
influence of oil on the rheological properties of wheat gluten under
defined conditions. In particular, we looked at conditions that are
relevant to high moisture extrusion applications. We hypothesize that
the size of the oil droplets has a greater impact on the rheological
properties of the wheat gluten network, than the properties, e.g.,
chemical structure or purity, of the oil itself. To evaluate the underlying
hypothesis, samples with different oil concentrations, oil droplet size
distributions and oil types were prepared and investigated for their
rheological behavior under extrusion-relevant conditions.

2. Materials and methods
2.1. Materials

Vital wheat gluten was kindly provided by Kroner Starke (Ibbenbii-
ren, Germany). According to the manufacturer’s specifications, it con-
tains max. 8% moisture and 83% protein on a dry matter basis. Medium-
chain triglyceride oil (MCT oil, WITARIX®60/40) purchased from I0I
Oleo GmbH (Hamburg, Germany) is referred to as “oil” throughout this
paper. According to the manufacturer’s specification the MCT oil con-
sists of 60% caprylic acid (C8:0) and 40% capric acid (C10:0). Refined
rapeseed oil was purchased from B. Schell GmbH (Lichtenau, Germany)
and is referred to as “rapeseed oil (standard)”. According to the manu-
facturer’s specification, the main fatty acids of the rapeseed oil tri-
glycerides are oleic acid (C18:1) with 52-65%, linoleic acid (C18:2) with
19-30% and a-linolenic acid (C18:3) with 8-12%. Moreover, the rape-
seed oil can contain up to 0.5% free fatty acids according to manufac-
turer’s specification. To remove impurities (e.g. free fatty acids, mono-
and diglycerides) from the rapeseed oil, it was additionally purified with
florisil® (Carl Roth, Karlsruhe, Germany) according to Dopierala et al.
(2011). Purified rapeseed oil is referred to as “rapeseed oil (purified)”.
The interfacial tension against water was determined for all three oil
types with the pendant drop method (OCA 15 LJ, DataPhysics In-
struments GmbH, Filderstadt, Germany) at constant temperature of 23
°C for at least 100 min according to Leister and Karbstein (2021). For the
emulsification, Tween20® supplied by Carl Roth (Karlsruhe, Germany)
was used. For CLSM imaging, all oils were stained at a concentration of
0.02 g/1 with the lipophilic fluorescent dye nile red (Carl Roth, Karls-
ruhe, Germany) before dough mixing.

2.2. Dough preparation

Gluten doughs were mixed using a lab-scale co-rotating twin screw
extruder (Process11, ThermoFisher Scientific Inc., Waltham, MA, USA)
operated at room temperature. To avoid extensive heating due to fric-
tion during dough mixing, a screw configuration consisting of only
forward transport elements and a screw speed of 500 rpm was used.
Doughs with two different methods of oil addition (non-emulsified/
emulsified) were prepared. For both doughs, the final composition is the
same. The composition of the doughs was calculated in such a way that
the water and gluten content was reduced to the same extent as the oil
content was increased from 0 to 6 wt%, resulting in a constant water-
protein ratio for all doughs. The composition of the doughs is summa-
rized in Table 1.

First, doughs with “non-emulsified oil” were prepared. Therefore,
Tween20 was dissolved in water and oil was stained with nile red prior
to dough mixing. For dough mixing, the gluten was fed into the first
barrel, Tween20-water was pumped into the third barrel and oil was



C. Opaluwa et al.

Table 1
Composition of the gluten doughs.

Sample name Oil content ~ Water Gluten Tween20
/% content /% content /% content /%

0% oil 0 38.8 59.9 1.3

0% oil + 6% 0 42.4 56.3 1.3
water

2% oil (non- 2.0 38.0 58.7 1.3
emulsified)

2% oil 2.0 38.0 58.7 1.3
(emulsified)

4% oil (non- 4.0 37.2 57.5 1.3
emulsified)

4% oil 4.0 37.2 57.5 1.3
(emulsified)

6% oil (non- 6.0 36.4 56.3 1.3
emulsified)

6% oil 6.0 36.4 56.3 1.3
(emulsified)

pumped into the fourth barrel of the extruder. Through the rotation of
the screws the ingredients were mixed thoroughly so that homogeneous
doughs were obtained at the end of the extruder. The doughs with non-
emulsified oil were prepared for MCT oil only.

Secondly, doughs with “emulsified oil” were prepared from oil-in-
water emulsions with different oil contents. Here, the oil stained with
nile red was dispersed in the continuous water phase in which Tween20
was dissolved using an Ultra-Turrax T25 (IKA Werke GmbH & Co. KG,
Staufen, Germany) at a rotor speed of 5200 rpm for 5 min. Subsequently,
the coarse emulsions were further homogenized in a Microfluidizer MF
110 EH (Microfluidics Corporation, Newton, MA, USA) at 900 bar in one
step. Oil-in-water emulsions were prepared for three different oil types,
i.e. MCT oil, rapeseed oil (standard) and rapeseed oil (purified). Emul-
sions were prepared the day before dough mixing and stored overnight
at 4 °C. For the dough mixing, gluten was fed into the first barrel of the
extruder and then the oil-in-water emulsions were pumped into the third
barrel of the extruder. In addition to the doughs with “non-emulsified
0il” and “emulsified o0il”, another dough was prepared in which the
amount of 6 wt% oil was replaced 1:1 by an additional 6 wt% water. This
dough is referred to as “0% oil + 6% water” throughout this paper. The
composition of all doughs used for this study are depicted in Table 1.
After dough mixing, the doughs were vacuumed, frozen, and stored at
—18 °C until further use.

2.3. Rheological measurements

The rheological properties of the doughs were determined by an
oscillatory closed cavity rheometer (CCR) (RPA elite, TA Instruments,
New Castle, DE, USA). The doughs were thawed at room temperature
before measurement. 5.5 g of the dough were placed between the two
cones of the cavity. To prevent water loss during heating, the cavity is
sealed and pressurized with 4.5 bar. The two cones are temperature-
controlled and grooved in order to prevent slippage of the material.
During measurement the upper cone remains stationary, while the lower
cone oscillates in a strain-controlled mode. From the resulting torque
response, rheological properties such as the complex modulus are
calculated. The function of the closed cavity rheometer is described in
more detail by Wittek et al. (2020).

2.3.1. Temperature sweep

The influence of temperature was investigated by heating the doughs
at a constant heating rate of 5 K/min from 40 to 180 °C, applying a strain
of 0.98% and a frequency of 1.0 Hz, which equals a shear rate of 0.06
s~L. For all doughs, the selected frequency and strain were within the
linear viscoelastic (LVE) region, ensuring that the material was not
irreversibly changed by mechanical stress. All temperature sweeps were
carried out in triplicate.
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2.3.2. Time sweep

In order to obtain more detailed information on the time-dependent
polymerization behavior of gluten as a function of different oil con-
centrations and types, isothermal time sweep analyses were carried out.
The influence of both, thermal treatment and thermomechanical treat-
ment, which is typical for extrusion applications, were analyzed inde-
pendently. To investigate the effect of thermal treatment, the doughs
were treated at 120 °C for 30 min, using a frequency of 1.0 Hz and a
strain of 0.98%, which is within the linear viscoelastic region (LVE). To
analyze the nonlinear viscoelastic material response, the doughs were
also subjected to thermomechanical treatment. Hereby, for 30 min a
constant temperature of 120 °C and an additional mechanical stress was
applied by setting a frequency of 10 Hz and a strain of 80%, corre-
sponding to a shear rate of 50.3 s~1. All time sweeps were measured
three times.

2.3.3. Strain sweep

Strain sweeps were carried out to characterize the structural strength
of a gluten network formed during simultaneous heating and shearing.
For this purpose, doughs were pre-treated for 3 min, corresponding to
typical residence times in an extruder, at 120 °C and a shear rate of 50.3
s1 (frequency: 10 Hz, strain: 80%) and then cooled to 65 °C at a heating
rate of 15 K/min to prevent further polymerization of the gluten during
the strain sweeps. Strain sweeps were then performed at a frequency of
1.0 Hz over a strain range of 0.1-1000%. All strain sweeps were per-
formed in triplicate. We define the value of the stress and the value of the
strain at the end of the linear viscoelastic (LVE) region as yield stress and
yield strain, respectively.

2.4. Visualization of oil phase via CLSM

Confocal laser scanning microscopy (CLSM) was used to compare the
size of oil droplets in the doughs as well as in the pellets taken from the
closed cavity rheometer after time sweeps. For this purpose, the frozen
doughs were cut into small pieces (20 x 9 x 9 mm) and embedded in
FSC 22 Blue Frozen Section Medium (Leica Biosystems GmbH, Nussloch,
Germany) at —17 °C. Using a CM 3050 cryo-microtome (Leica Bio-
systems GmbH, Nussloch, Germany), the pieces were cut into 40 pm
thick slices, which were then placed on slides, dried at 55 °C, and fixated
to the slides using Mowiol (Carl Roth, Karlsruhe, Germany) and a cover
slide. A 63x Plan Apochromat/1.4 oil DIC immersion objective was used
to analyze the cryo-microtome slices in the CLSM (LSM 510 META, Carl
Zeiss Microscope Systems, Jena, Germany). Therefore, the samples were
excited with an argon laser at a wavelength of 488 nm. To distinguish
the signal of the stained oil from the signal of the autofluorescent gluten,
the emitted light was filtered with two different channels (oil: 575-615
nm, gluten: 420-515 nm). In the CLSM images, the gluten matrix ap-
pears in green, while the oil appears in red.

2.5. Statistical analysis

OriginPro 2020 software (version 9.7.) from OriginLab Corporation
(Northampton, USA) was used for statistical analysis. Differences be-
tween samples containing emulsified and non-emulsified oil, samples
with different oil/water contents and samples containing different oil
types were evaluated by one-way ANOVA using Scheffé’s test for com-
parison of means with a probability of p < 0.05 to identify significant
differences.

3. Results

3.1. Influence of oil on gluten polymerization as a function of temperature
monitored by complex modulus

Wheat gluten doughs with 0% oil and with 6% non-emulsified oil
were heated at a constant heating rate of 5 K/min from 40 to 180 °C at a
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low shear rate of 0.06 s~ .. Fig. 1(a) shows the complex modulus as a
function of temperature. For both samples, the evolution of the complex
modulus |G*| is characteristic of wheat gluten and already described in
literature (Emin et al., 2017). The curve consists of three distinct regions
and provides information about the reaction behavior of gluten. First,
the complex modulus decreases to a local minimum at about 70-80 °C.
This decrease can be attributed to an increase in molecular mobility.
Second, a sharp increase in the complex modulus is observed until a
local maximum of |G*| is reached at about 135 °C. This increase is
caused by an increase in molecular size as a result of crosslinking re-
actions. Third, a decrease in the complex modulus is observed. This
decrease indicates that the polymerization reactions are largely
completed, leading to a decrease in |G*| due to higher molecular
mobility as the temperature continues to increase. In addition, there is
the possibility that degradation reactions occur at high temperatures,
contributing to a decrease in |G*| (Kokini et al., 1994; Pommet et al.,
2004).

Comparing the samples with 0% oil and 6% oil, it can be observed
that the absolute values of the complex modulus decrease with the
addition of oil while the characteristic shape is not remarkably changed.
The same was seen for samples containing 2% and 4% oil (data not
shown). That the addition of oil reduces the modulus of highly
concentrated proteins, has also been reported in previous studies
(Kendler et al., 2021; Wang et al., 2022a). However, no difference in the
position of the local minima or maxima of |G*| was observed for samples
with oil. This indicates that for thermal treatment within the LVE region,
the reaction rate of the polymerization reactions is not remarkably
affected by oil.

To investigate the time-dependent polymerization behavior of wheat
gluten as a function of oil concentration, small-deformation measure-
ments (strain: 0.98%; frequency: 1.0 Hz) at a constant temperature of
120 °C were performed. In Fig. 1(b) the change in complex modulus |G*
over time is depicted for wheat gluten doughs containing 0%, 2%, 4%
and 6% non-emulsified oil. For all samples, the complex modulus in-
creases until a maximum is reached after approximately 9.5 min.
Further heating has no effect on
dicates that polymerization reactions have been completed (Emin et al.,
2017). The time until reaching the maximum |G*| does not differ
significantly (p > 0.05) between the samples with and without oil,
indicating that the reaction rate of the polymerization reactions is not
affected by the oil concentration. As already found in the temperature
sweeps, the absolute values of the maximum |G*| decrease with

102 £ T T T T q
® 0% oil
A 6% oil (non-emulsified)
« Heating rate: 5 K/min
i Shear rate: y=0.1s" ‘. ()
%
S .e“/‘;‘A
= 4
2o ﬁ.‘\sﬁv 2
5 i"é; A ﬂﬁm %
o
= T
: £
S
[
100 1 1 1 1 Il

60 90 120 150 180

Temperature / °C

@

Future Foods 9 (2024) 100307
increasing oil concentration (0-6%) from 80 kPa to 50 kPa.

3.2. Comparison of non-emulsified oil, emulsified oil and water addition
with regard to their effects on rheological properties of gluten

The aim of this chapter is to investigate the effect of oil on the
rheological properties and the reaction behavior of wheat gluten in more
detail. In the following, two doughs with the same oil concentration of 6
wt% which were produced with different oil addition methods, i.e. non-
emulsified and emulsified, will be compared. A comparison is also made
with a third dough in which the 6 wt% oil was replaced by 6 wt%
additional water, in order to compare the plasticizing effect of oil and
water.

3.2.1. Thermal treatment

Fig. 2(a) shows the change in complex modulus due to thermal
treatment (120 °C) at small deformations (strain: 0.98%; frequency: 1.0
Hz) for doughs with 0% oil, 0% oil + 6% water, 6% non-emulsified oil,
and 6% emulsified oil as a function of time. The curves for 0% oil and 6%
non-emulsified oil are the same as the curves in Fig. 1(b). For all samples
depicted in Fig. 2(a) an initial increase in |G*| can be observed, which is
due to the polymerization of gluten molecules. After 9.5 min, a
maximum is reached, indicating that the polymerization reactions have
been completed. |G*| of the 0% oil dough is significantly higher (p >
0.05) than the |G*| of the three doughs containing 6% oil (emulsified/
non-emulsified) or 6% additional water. Comparing the three samples
0% oil + 6% water, 6% non-emulsified oil, and 6% emulsified oil, it can
be observed that all samples show the same behavior. There are no
significant differences (p > 0.05) in the maximum values of |G*|. These
results indicate that within the linear viscoelastic region (LVE), the
0% oil sample and
the three other samples (0% oil + 6% water, 6% non-emulsified oil, and
6% emulsified oil) can be attributed to a “dilution effect” by reducing the
concentration of high viscous gluten with low viscous liquid. Moreover,
it can be observed that the time to reach the maximum of |G*| does not
differ between the three samples. This is in agreement with results from
Emin et al. (2017). They reported that only water contents below 30%
have a hindering effect on the aggregation of gluten molecules, whereas
at water contents above 30%, an increase in water content does not lead
to any change in the reaction behavior of wheat gluten.

102__""|""|""|""|""|""|__
<
A
A
%
@]
7]
= x
= 10!
< 10" [z .
g & ]
8 o %ol _
g * 2% oil (non-emulsified)||
8 v 4% oil (non-emulsified)
A 6% oil (non-emulsified)|]
=120°C;y=0.15"
100||||||||||||||||||||||||||||||
0 5 10 15 20 25 30
Time / min
(b)

Fig. 1. (a) Complex modulus |G*| as a function of temperature for wheat gluten doughs containing 0% oil and 6% non-emulsified oil. The temperature was increased
with a constant heating rate of 5 K/min. The strain and frequency were kept constant at 0.98% and 1.0 Hz, respectively. (b) Change in complex modulus |G*| of
wheat gluten as a function of time and different oil concentrations (non-emulsified). The temperature was kept at 120 °C and the strain and frequency were kept

constant at 0.98% and 1.0 Hz, respectively.
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Fig. 2. Change in complex modulus |G*| of wheat gluten doughs containing 0% oil, 0% oil + 6% water, 6% oil (emulsified) and 6% oil (non-emulsified) as a function
of time during (a) thermal treatment (temperature: 120 °C; strain: 0.98%; frequency: 1.0 Hz) and (b) thermomechanical treatment (temperature: 120 °C; strain: 80%;

frequency: 10 Hz).

3.2.2. Thermomechanical treatment

During extrusion, proteins are subjected to both thermal and me-
chanical stresses. To evaluate the effect of such thermomechanical
treatment on the rheological properties of gluten, the doughs were
treated at 120 °C and 50.3 s~!, while the complex modulus was detected
simultaneously. The change in complex modulus |G*| during thermo-
mechanical treatment is shown in Fig. 2(b) as a function of time.
Comparing the both plots from Fig. 2 it can be observed that in Fig. 2(b)
the absolute values of |G*| are lower than in Fig. 2(a) for all samples.
This is due to a shear-thinning behavior that is typical for highly
concentrated proteins. For all doughs depicted in Fig. 2(b) the complex
modulus increases initially until a local maximum is reached, followed
by a further decrease in |G*|. The increase in |G*| can be attributed to
G*| indicates that the
degradation of disulfide bonds is taking place. The same rheological
changes have been reported in literature for both wheat gluten plasti-
cized with water and wheat gluten plasticized with glycerol (Pietsch
etal., 2018; Pommet et al., 2004). The absolute values of the maximum |
G*| are significantly different for all samples (p > 0.05) and decrease as
follows: 36 kPa (0% oil) > 26 kPa (0% oil + 6% water) > 19 kPa (6% oil,
emulsified) > 7 kPa (6% oil, non-emulsified).

Comparing the emulsified oil with the non-emulsified samples at all
oil concentrations (2%, 4%, 6% oil), it can be seen that the absolute
values of |G*| are always significantly higher (p > 0.05) for the doughs
with emulsified oil (see Appendix Table Al). The largest difference be-
tween the doughs with non-emulsified and emulsified oil was found at
an oil concentration of 6%. Here, the maximum |G*| of the emulsified oil
sample was almost a factor of three higher than the maximum |G*| of the
non-emulsified oil sample. Differences between doughs with non-
emulsified oil and emulsified oil can also be observed when
comparing the time scale of sweeps. While for the doughs with emulsi-
fied oil the time to reach the max. |G*| does not change significantly (p >
0.05) with increasing oil content, for doughs with non-emulsified oil the
time to reach the max. |G*| decreases significantly (p > 0.05) from 5.4
min to 3.9 min as the oil content increases from 0% to 6% (see Appendix
Table Al). Since significant differences were observed between doughs
with non-emulsified and emulsified oil, despite having the same ingre-
dient composition, the results indicate that oil dispersion plays a crucial
role in the rheological properties as well as the reaction behavior of
wheat gluten.

3.2.3. Strain-dependency of gluten networks formed under
thermomechanical treatment

In order to compare the deformability and strength of different
gluten networks formed by thermomechanical treatment, strain sweeps
were performed. Therefore, the four doughs described in the previous
Section 3.2.2. (0% oil, 0% oil + 6% water, 6% non-emulsified oil, 6%
emulsified oil) were first subjected to thermomechanical treatment,
cooled down in order to prevent further crosslinking reactions and
finally characterized by strain sweeps. In Fig. 3, the storage modulus G’
and the loss modulus G’ of the four doughs are depicted as a function of
the strain. It is evident that in the linear viscoelastic (LVE) region, the
storage modulus G’ is higher than the loss modulus G’ for all samples.
This is typical for solid-like, elastic materials with gel-like behavior, such
as meat analogs, which consist of highly concentrated protein networks
(Schreuders et al., 2021; Wittek et al., 2021b).

Within the LVE range, the applied strain leads to a reversible
deformation of the protein network. Therefore, G’ shows no dependence
on the strain. However, once a critical strain is exceeded, G’ decreases
significantly and strain thinning occurs. As seen in Fig. 3, the gluten
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Fig. 3. Strain sweeps of wheat gluten doughs containing 0% oil, 0% oil + 6%
water, 6% oil (emulsified) and 6% oil (non-emulsified). The temperature was
kept constant at 65 °C and the frequency was set to 1.0 Hz.
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network containing 0% oil has a yield strain of 100%, which equals a
yield stress of around 70 kPa. By adding oil or water both the yield strain
and the yield stress decrease significantly (p > 0.05). The network
containing 6% non-emulsified oil sustains a yield strain of only 10% and
a yield stress of 4 kPa before strain thinning occurs. The maximum
strain, defined as yield strain, within the LVE region provides informa-
tion about the strength of the protein network. Strong and elastic net-
works can withstand large deformations before irreversible changes
occur in the material. Within the LVE region, this is reflected in a higher
maximum strain compared to weak networks (Hyun et al., 2011). Thus,
the results indicate that the strongest network is formed for the sample
with 0% oil, while the weakest network is formed, when 6%
non-emulsified oil is added.

Looking at the curves of the loss modulus G’’, a local maximum
before the crossover point of G’ and G’’ can be observed. This so-called
“weak strain overshoot” is most pronounced for the sample containing
0% oil and is decreasing for the samples containing 0% oil + 6% water,
6% emulsified oil and 6% non-emulsified oil, respectively. The latter
almost shows no strain overshoot. The weak strain overshoot phenom-
ena is well known for different soft materials like concentrated emul-
sions, suspensions or polymer networks (Hyun et al., 2011). For physical
polymer networks, Tirtaatmadja et al. (1997) explains that as the stress
increases the disruption rate of cross-links is higher than the formation
rate leading to a decrease in junction density and an increase in G** until
the network collapses completely. However, Hyun et al. (2011) de-
scribes that the structural cause of the strain overshoot in G’ is not
universal and material-specific.

For emulsion-filled gels, it is reported that fracture or material failure
starts from defects in the protein matrix. Oil droplets can act as such
defects and thus function as stress concentration nuclei (also called
“structure-breakers”) from where fracture starts (Sala et al., 2007). We
observed that as the oil concentration and thus the number of oil
droplets increases the material fracture starts at lower yield strains,
indicating a weakening of the protein network (see Appendix,
Figure A1l). This is in accordance with results from previous studies
(Saavedra Isusi et al., 2023b; Wang et al., 2022a). Comparing the sam-
ples 6% non-emulsified oil with 6% emulsified oil, significant differ-
ences in the yield strain are observed before material failure occurs. This
indicates that the oil droplet size has a strong effect on the protein
network strength.

3.3. Comparison of different oil types with regard to their influence on
guten polymerization monitored by complex modulus

In order to investigate the impact of the oil type on the rheological
behavior of wheat gluten, the measurements of Section 3.2. were addi-
tionally applied to wheat gluten doughs containing rapeseed oil. In this
chapter, all doughs were prepared from oil-in-water emulsions. Rape-
seed oil was chosen due to its different chemical structure compared to
MCT oil. While MCT oil is a medium chain triglyceride with only satu-
rated fatty acids, the rapeseed oil is less defined and consists mostly of
mono- and polyunsaturated fatty acids. Furthermore, rapeseed oil con-
tains polar impurities (e.g. free fatty acids), which are naturally present
in commercial oils. This polar compounds have a great impact on the
interfacial tension of the oil against water. In order to investigate if polar
impurities and thus changes in interfacial tension have an impact on the
rheological behavior, the rapeseed oil was additionally purified with
florisil®. For MCT oil, rapeseed oil (standard) and rapeseed oil (purified)
the interfacial tensions against water are 24.5 + 0.1, 15.3 + 0.2 and
28.9 + 0.3 mNm ™, respectively. Rapeseed oil (purified) has the highest
interfacial tension, followed by the MCT oil and the rapeseed oil (stan-
dard). Due to the purification step the interfacial tension of rapeseed oil
increased by almost 50% which is in accordance with literature (Leister
and Karbstein, 2021).
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3.3.1. Thermal treatment

In Fig. 4(a), the complex moduli |G*| of doughs containing 0% oil
and 4% MCT oil, rapeseed oil (standard) and rapeseed oil (purified) are
depicted as a function of time during thermal treatment (120 °C, 0.1
s™1). The complex modulus of all samples first increases within the first 5
min until a plateau is reached. The absolute values of |G*| of the dough
with 0% oil is higher than of the doughs containing 4% oil, which is
consistent with the results of Section 3.2.1. Between the doughs con-
taining different oil types, there is no significant difference (p > 0.05).
These results indicate that despite having different interfacial tensions
ranging from 15.3 to 28.9 mNm ™, the different types of oil used do not
affect the rheological behavior of wheat gluten in the linear viscoelastic
(LVE) region.

3.3.2. Thermomechanical treatment

To simulate extrusion-like conditions, the doughs containing
different oil types were subjected to thermomechanical treatment (120
°C, 50.3 s V). In Fig. 4(b), the change in complex modulus |G*| is
depicted as a function of time for doughs containing 0% oil, 4% MCT oil,
4% rapeseed oil (standard) and 4% rapeseed oil (purified). The curve of
the dough with 0% oil is the same with the curve in Section 3.2.2. and is
only shown for comparison. For all samples, an increase in |G*| is
observed in the first 5 min, followed by a steep decrease in |G*|. The
complex modulus |G*| of the dough with 0% oil is significantly higher (p
> 0.05) than |G*| of the doughs containing 4% oil. These results are in
agreement with the results from Section 3.2.2.

Comparing the doughs with different oil types, no significant dif-
ference (p > 0.05) between the curves can be seen until approximately
15 min are reached. The maximum |G*| are 25.9 kPa, 23.5 kPa and 24.9
kPa for 4% MCT oil, 4% rapeseed oil (standard) and rapeseed oil (pu-
rified), respectively. The times of reaching maximum |G*| are 5.3 min,
5.8 min and 5.5 min for 4% MCT oil, 4% rapeseed oil (standard) and
rapeseed oil (purified), respectively. The same trend can be observed for
doughs containing 2% and 6% oil (see Appendix, Table A2). After 15
min, the decrease in |G*| of the dough containing 4% MCT oil is slightly
less pronounced than the decrease in |G*| of both doughs containing 4%
rapeseed oil. In summary, the results show that the effect of the different
oil types on the rheological behavior of wheat gluten doughs during
thermomechanical treatment in the time range relevant for extrusion
processing (a few minutes) is not significant.

3.3.3. Strain-dependency of gluten networks formed under
thermomechanical treatment

Strain sweeps were performed to determine whether the oil type had
an effect on the wheat gluten network formed during thermomechanical
treatment (120 °C, 50.3 s_l, 3 min). Fig. 5 shows the storage modulus G’
and the loss modulus G’’ as a function of strain. The curve of the dough
with 0% oil is identical to the curve in Section 3.2.3 and is only shown
for comparison. It can be seen that the addition of 4% MCT shortens the
length of the LVE region from a strain of about 100% (dough with 0%
oil) to 80% (4% MCT oil). This indicates that the gluten network with
4% MCT oil is weaker and less elastic than the gluten network without
oil. This observation is consistent with the results in Section 3.2.3. The
plots of the doughs with rapeseed oil are slightly different from the plots
of the doughs with MCT oil. While the samples with 4% MCT oil show a
clearly pronounced plateau of G’ up to a strain of 80% before strain
thinning occurs, the samples with 4% rapeseed oil show a less pro-
nounced plateau. Once a strain of 15% is exceeded, G’ of the rapeseed
samples decreases with a small slope, until a strain of 80% is reached.
Once the strain exceeds 80%, strain thinning can be observed, leading to
complete structural failure. When comparing the two doughs with
rapeseed oil (standard) and rapeseed oil (purified), no difference can be
found. Both plots overlap each other, which is in line with the obser-
vations made in the previous sections. Moreover, the “weak strain
overshoot™ of the loss modulus G’ is less pronounced, when 4% oil is
added. While for the 4% MCT oil sample a small weak strain overshoot
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was kept constant at 65 °C and the frequency was set to 1.0 Hz.

can still be seen, for the 4% rapeseed oil samples (standard and purified)
almost no strain overshoot occurs.

3.4. Visualization of the oil phase embedded in the gluten network

It is known from literature that oil forms a dispersed phase within a
gluten network (Gwiazda et al., 1987; Kendler et al., 2021). The size
distribution of this dispersed phase could have an impact on the rheo-
logical behavior of wheat gluten. In order to visualize the oil phase, we
analyzed the different samples from the previous chapters via CLSM
imaging.

3.4.1. Influence of oil concentration and oil addition method

First, we took CLSM images of the doughs before treatment in the
closed cavity rheometer. In Fig. 6, CLSM images of untreated wheat
gluten doughs with 2%, 4% and 6% MCT oil for both different oil
addition methods (non-emulsified/emulsified) are depicted. The gluten
matrix appears in green, while the oil droplets appear in red. For both oil
addition methods a slight increase in oil droplet size with increasing oil

content can be observed. An increasing droplet size as the oil concen-
tration increases, is known from previous studies and can be explained
by reduced droplet break-up as well as increased droplet coalescence
during the mixing process of the doughs (Opaluwa et al., 2023). How-
ever, for doughs, where non-emulsified oil was added, the increase in
droplet size with increasing oil content is much more pronounced
compared to the doughs with emulsified oil.

Comparing the doughs with non-emulsified and emulsified oil, the
droplets of the doughs with non-emulsified oil appear remarkably bigger
at all oil contents. Moreover, the oil droplets seem to be less embedded
and incorporated into the protein matrix. For example, in the CLSM
image of 4% MCT oil (non-emulsified) oil droplets appear to be squeezed
into a gap of the wheat gluten matrix (oil droplets are highlighted with
yellow mark). Overall, the CLSM images show that oil that is added in
form of emulsions is dispersed into smaller droplets with a more ho-
mogeneous droplet size, while non-emulsified oil forms bigger oil
droplets, which are less incorporated into the gluten matrix. This in-
dicates that the pre-emulsified oil droplets are more stable against oil
droplet coalescence.

3.4.2. Influence of thermal and thermomechanical treatment

In the next step, we analyzed the oil droplets in the wheat gluten
sample after thermal treatment (120 °C, 0.1 s’l, 30 min) and after
thermomechanical treatment (120 °C, 50.3 s’l, 30 min) in the closed
cavity rheometer. The CLSM images of the samples that contained 4%
MCT oil (non-emulsified/emulsified) and 4% rapeseed oil (standard/
purified) are shown in Fig. 7. It is evident that the appearance of the
wheat gluten matrix is changed by both thermal and thermomechanical
treatment. After treatment, the network appears to be more compact,
and elongated voids can be observed.

First, we want to highlight the differences between the 4% MCT oil
doughs containing non-emulsified and emulsified oil. In the CLSM im-
ages of the samples containing emulsified MCT oil (Fig. 7, second row),
the size of the oil droplets does not seem to change noticeably by either
thermal or thermomechanical treatment. Most oil droplets are
embedded in and deformed along the protein matrix. Only a few oil
droplets exhibit an almost spherical shape and are located in the voids of
the gluten matrix (highlighted in yellow). Looking at the CLSM images
of the samples with 4% non-emulsified MCT oil (Fig. 7, first row) some
differences can be observed. First, the oil droplets are remarkably bigger
than the oil droplets in the emulsified samples, which was already
addressed in Section 3.4.1. Secondly, the localization of the oil droplets
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Fig. 6. CLSM images of untreated doughs containing 2%, 4% and 6% MCT oil (non-emulsified/emulsified), respectively. Protein matrix appears in green, oil phase

appears in red.

in the network as well as the shape of the oil droplets look different. A
majority of the oil droplets are not incorporated into the network, but
are located in the voids of the wheat gluten matrix. This impression is
supported by the shape of the droplets, which is less deformed along the
protein matrix and more spherical. In particular, in the sample subjected
to thermomechanical treatment, a large number of spherical droplets are
found (highlighted in yellow). It could be that due to the polymerization
of the wheat gluten and the associated increase in |G*|, oil is displaced
from the matrix to some extent when subjected to mechanical stresses.

Finally, we want to compare CLSM images of samples containing
different oil types. Fig. 7 (row 3-4) shows CLSM images of samples
containing 4% rapeseed oil (standard) and 4% rapeseed oil (purified),
respectively. Both samples are prepared from oil-in-water emulsions.
Between the samples containing different oil types no remarkable dif-
ference neither in droplet size nor in droplet shape can be observed. As
with the 4% emulsified MCT sample (row 2), the oil in the 4% emulsified
rapeseed oil samples (standard/emulsified) appears homogeneously
dispersed and embedded in the wheat gluten matrix. These results
indicate that different oil types, and thus different interfacial tensions
between the oil and the aqueous protein phase, do not affect the
dispersion of the oil in the protein matrix resulting in similar oil droplet
size distributions.

4. Discussion
4.1. Dilution effect vs plasticizing effect

In our study, we used a rheological approach to measure the impact
of different oil-related influence parameters on the protein matrix as we
believe a relevant impact on the extrusion process will only occur if
changes in rheological properties can be detected. Our results show that
the complex modulus |G*| decreases with increasing oil concentration.

This was shown for different oil addition methods as well as for both
thermal and thermomechanical treatment (see Fig. 1 and Fig. 2). A
reduction in viscosity when oil is added to concentrated biopolymers is
well-known (Opaluwa et al., 2023; Saavedra Isusi et al., 2023b; Wang
et al., 2022a). Different explanations therefore can be found in litera-
ture. One of the most accepted hypothesis is that oil acts as a plasticizer
(Fu et al., 1997; Ilo et al., 2000). In the introduction, we already sum-
marized different theories about how plasticizers function. Generally, it
is expected that a plasticizer reduces the viscosity by increasing the free
volume between protein molecules and thus reducing the entanglement
density. According to plasticizer theories, the properties of the plasti-
cizer molecules (size, compatibility) largely determine how pronounced
the resulting plasticizing effect is.

To compare the effect of oil and water, we prepared three different
samples. One sample with a lower plasticizer concentration of 38.8 wt%
(only water) and three samples with a higher plasticizer concentration
(only water or oil/water mixture) of 42.4 wt%. For clarification, the
compositions are listed in Table A3 (Appendix). Since both water mol-
ecules and triglyceride molecules differ greatly in their size and
compatibility with protein molecules, we would expect a differently
pronounced plasticizing effect and thus differences in rheological
behavior. However, Fig. 2(a) shows that |G*| of the 0% oil + 6% water
dough and the 6% oil doughs (non-emulsified/emulsified) do not differ
despite their different plasticizer composition. This indicates that the
decrease in |G*| with increasing plasticizer concentration from 38.8 wt
% to 42.4 wt% is due to the decrease in protein concentration per unit
volume, which is more likely a dilution effect rather than a plasticizing
effect in itself. The results from Fig. 4(a), in which MCT oil is compared
with rapeseed oil (standard/purified), support this suggestion. In this
case, again, no difference in |G*| can be observed between the different
oil types, although the different oil types are composed of different tri-
glyceride molecules with different properties in terms of size, purity and
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Fig. 7. CLSM images of untreated samples, samples after thermal treatment and after thermomechanical treatment of doughs containing 4% MCT oil (non-emul-
sified/emulsified) and 4% emulsified rapeseed oil (standard/purified), respectively. Protein matrix appears in green, oil phase appears in red.

compatibility.

4.2. Plasticizing effect vs filler effect

It is known that in extrusion applications, where high temperatures
and high shear stresses prevail at the same time, the influence of oil on
the process, often described as lubricating effect, is much greater than

that of water in terms of their active concentrations (Guy, 1994; Ilo
et al., 2000). In order to investigate this, we performed rheological
measurements at extrusion-relevant conditions (120 °C, 50.3 s’l). We
found that under shear conditions, there is indeed a large difference
between the 0% oil + 6% water sample and the oil-containing samples
(see Fig. 2, b). In fact, the maximum |G*| of the 6% oil (non-emulsified)
sample is 70% lower than the maximum |G*| of the 0% oil + 6% water
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sample. In addition, strain sweep analysis (see Fig. 3) revealed that the
LVE region of doughs with 0% oil + 6% water is longer compared to the
LVE region of the two oil-containing samples, meaning that the network
without oil is more elastic and more resistant to deformation. The results
indicate that under shear conditions the aforementioned dilution effect
is enhanced by another effect. By CLSM imaging, we could show that the
oil phase is assembled into droplets within the protein matrix (see
Fig. 6). Thus, in contrast to water, oil does not act as a plasticizer by
occupying the free volume of the protein chains, but rather as a filler by
forming droplets within the aqueous protein matrix. It is known from
emulsion-filled gels, such as cheese or yoghurt (Barden et al., 2015;
Saavedra Isusi et al., 2023a), that the matrix strength is remarkably
influenced by the concentration and the size of the oil droplets which are
embedded in the matrix as fillers. Under shear conditions, these fillers
act as structure-breakers and stress concentration nuclei, leading to a
weakening of the protein matrix (Sala et al., 2007). This could explain
why the 0% oil + 6% water sample, which does not contain such
structure-breakers, is more resistant to deformation. Based on our re-
sults, we propose to describe the effect of oil during extrusion as a “filler
effect” rather than a “plasticizing effect”, although this term is
commonly used in the extrusion literature.

Following the literature on emulsion-filled gels, we hypothesized
that the size of the oil droplets would have a significant effect on the
strength of a highly concentrated gluten matrix formed during ther-
momechanical treatment. In order to prove this hypothesis, we
compared two different sets of doughs with the same oil concentrations
but different oil droplet sizes. CLSM images confirmed that the doughs
with non-emulsified oil contained bigger oil droplets than the doughs
with emulsified oil (see Fig. 6 and Fig. 7). With this experimental design
we were able to show that different oil droplet sizes have an effect on the
rheological properties. We found that |G*| of doughs with bigger oil
droplets (non-emulsified oil) were significantly lower (p >0.05) than |
G*| of doughs with smaller oil droplets (emulsified oil) at all oil con-
centration levels (see Fig. 2(b) and Appendix Table A1). As oil droplets
lead to a local dilution and thus a local viscosity decrease within the
protein network, bigger oil droplets lower the viscosity to a greater
extent compared to smaller oil droplets. Moreover, bigger oil droplets
cause bigger defects in the protein network, making the network less
stable against deformation.

When comparing the doughs containing different oil types, i.e. MCT
oil, rapeseed oil (standard) and rapeseed oil (purified), we observed that
they all had similar rheological behavior at the same oil concentrations
(see Fig. 4), even though the different oil types differ greatly in chemical
structure, purity and interfacial tension against water. The CLSM images
showed that the oil droplet size was in a comparable size range for all
samples (see Fig. 7). These results suggest that the size distribution of the
oil droplets is more decisive for the strength of the protein network than
the oil type.

4.3. Oil effect on wheat gluten polymerization

Lastly, we want to discuss the effect of oil on the reaction behavior of
wheat gluten. We observed that for the samples with emulsified and
non-emulsified oil, not only the absolute values of the maximum |G*|
differ from each other but also the time at which these maxima are
reached (see Fig. 2, b). While for the non-emulsified oil samples the time
at which the maximum |G*| is reached decreases significantly (p> 0.05)
with increasing oil content, this correlation was not found for the
emulsified oil samples (Appendix Table Al and Table A2). A possible
explanation is that as an increase in oil droplet size (non-emulsified oil)
results in a decrease in |G*|, the molecular mobility is also increased,
leading to a higher probability of crosslinking with other unfolded
protein molecules in a shorter time. However, further systematic studies
of reaction kinetics and protein-protein and protein-lipid interactions
are required to evaluate the effect of oil on the reaction behavior of
wheat gluten.
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5. Conclusion

In this study, we investigated the effect of oil on the rheological
properties of highly concentrated wheat gluten at extrusion-relevant
conditions. We used an offline approach that combined rheological
measurements in a closed cavity rheometer with CLSM imaging to
visualize the oil droplets in the protein matrix before and after the
rheological measurements. First, we showed that under extrusion-
relevant conditions (high temperature and high shear), the effect of oil
addition on the complex modulus |G*| is much greater than the effect of
water addition at the same concentrations. Interestingly, this effect was
not significant when no shear was applied. Therefore, we hypothesize
that the decrease in |G*| without shear is due to a dilution effect, while
with shear the effect of oil droplets is due to a filler effect. This implies
that the oil droplets weaken the protein matrix during deformation,
resulting in a remarkable decrease in |G*|.

Second, we found that there is a significant difference between
samples containing non-emulsified oil and emulsified oil. Although in
both cases the complex modulus |G*| decreased with increasing oil
concentration (0% to 6% oil), this effect was much more pronounced for
samples with non-emulsified oil. Since CLSM images showed that the oil
droplets are considerably larger for non-emulsified oil than for emulsi-
fied oil droplets, we contribute the observed differences in |G*| to the oil
droplet size. We also showed that the oil type and oil purity do neither
affect the complex modulus |G*| nor the size of the oil droplets.

In summary, the results of this study suggest that the oil droplet size
has a great influence on the rheological properties of highly concen-
trated protein matrices under extrusion-relevant conditions, while the
oil type has no relevant influence for the oil types investigated. It is
necessary to investigate in further studies to what extent the results of
this study can be applied to extrusion processes. However, based on our
results, we would suggest that the oil droplet size distribution must be
controlled in order to control the rheological properties during extrusion
processing, even at low oil concentrations.
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